Acetylcholine (ACh) is known to shape the adult neocortical activity related to behavioral states and processing of sensory information. However, the impact of cholinergic input on the neonatal neuronal activity remains widely unknown. Early during development, the principal activity pattern in the primary visual (V1) cortex is the intermittent self-organized spindle burst oscillation that can be driven by the retinal waves. Here, we assessed the relationship between this early activity pattern and the cholinergic drive by either blocking or augmenting the cholinergic input and investigating the resultant effects on the activity of the rat visual cortex during the first postnatal week in vivo. Blockade of the muscarinic receptors by intracerebroventricular, intracortical, or supracortical atropine application decreased the occurrence of V1 spindle bursts by 50%, both the retina-independent and the optic nerve-mediated spindle bursts being affected. In contrast, blockade of acetylcholine esterase with physostigmine augmented the occurrence, amplitude, and duration of V1 spindle bursts. Whereas direct stimulation of the cholinergic basal forebrain nuclei increased the occurrence probability of V1 spindle bursts, their chronic immunotoxic lesion using 192 IgG-saporin decreased the occurrence of neonatal V1 oscillatory activity by 87%. Thus, the cholinergic input facilitates the neonatal V1 spindle bursts and may prime the developing cortex to operate specifically on relevant early (retinal waves) and later (visual input) stimuli.
Introduction
The cholinergic drive represents one of the major statecontrolling systems of the neocortex. Acetylcholine (ACh) release correlated with EEG activation is responsible for behavioral arousal as first described by Magoun (1949, 1995) in their principle of "neocortical readiness state." The cholinergic system is involved in a large variety of cognitive processes (Damasio et al., 1985; Steriade et al., 1991; Everitt and Robbins, 1997) and gates sensory information processing (Singer, 1986; Juliano et al., 1991; Ma and Suga, 2005) .
Anatomically, the cholinergic projections to the neocortex are well positioned for a modulatory role. These abundant cortical afferents mainly originate from the basal forebrain nuclei (BFn), including the nucleus basalis magnocellularis (nB) and medial septal nucleus, as well as horizontal limb nuclei of the diagonal band of Broca, which, despite their discrete localization, are often referred to as a continuum (Semba and Fibiger, 1989) . Developmentally, cholinergic afferent ingrowth into the neocortex starts early, coinciding with neuronal differentiation, synapse formation, and circuit shaping (Mesulam et al., 1992) . The cholinergic system modulates neuronal proliferation and differentiation and interferes with neonatal apoptosis and survival processes (Lipton and Kater, 1989; Role and Berg, 1996; Brimijoin and Koenigsberger, 1999; Pugh and Margiotta, 2000) . Manipulation of the cortical ACh level leads to major morphogenetic alterations (Byers et al., 2005) . In addition to its trophic role, the cholinergic input contributes to the maturation of functional synaptic contacts and the wiring of developing circuits (Maggi et al., 2003; Kuczewski et al., 2005; Myers et al., 2005) . ACh plays a crucial role during the so-called critical period of the postnatal development, during which the cortex is highly susceptible to modulation by sensory input. In the visual cortex, for example, the cholinergic drive facilitates neuronal plasticity (Bear and Singer, 1986; Gu and Singer, 1993) , whereas lesion of the nB transiently alters the formation of ocular dominance columns (Siciliano et al., 1997) . However, already by birth, ACh-induced excitation is likely to stabilize the immature synaptic circuits (Hanganu and Luhmann, 2004) . Moreover, in vitro data suggested that muscarinic acetylcholine receptor (mAChR)-dependent synchronized oscillatory activity in the alpha-beta frequency range may act as a functional template for the development of early cortical columnar networks and architecture (Dupont et al., 2006) . Previously, we identified similar oscillatory activity patterns in the neonatal [postnatal day 2 (P2)-P6] visual cortex in vivo . These self-organized oscillations, termed as spindle bursts, are driven by retinal waves (Khazipov et al., 2004; Hanganu et al., 2006) and are likely to be subject to intense modulation (Luhmann and . However, to which extent the cholinergic drive interacts with the early network activity in vivo remains widely unknown. Here, we performed in vivo recordings from the neonatal rat primary visual cortex (V1) paired with acute pharmacological manipulation of cholinergic drive, stimulation of BFn, and long-term immunotoxic lesion of BFn using 192 IgG-saporin. We provide evidence that the early V1 spindle bursts are facilitated by the cholinergic input from BFn and that the chronic cholinergic deprivation critically impairs the oscillatory network activity of the neonatal visual cortex.
Materials and Methods
Surgical, recording, and stimulation procedures. All experiments were conducted in accordance with the national laws for the use of animals in research and approved by the local ethical committee. As determined previously , neocortical recordings were performed from the region of maximal responsiveness to optic nerve (ON) stimulation of the V1 (0 -1.5 mm anterior to lambda suture and 2-3.5 mm from the midline) of P5-P6 rats using the experimental setup and conditions described previously (Leinekugel et al., 2002; Khazipov et al., 2004) . Briefly, following the Guidelines of the Care and Use of Mammals in Neuroscience and Behavioral Research of the National Research council, the pups were anesthetized by hypothermia (ice-cooling anesthesia), known to preserve the anesthetic-sensitive retinal waves (Mooney et al., 1996) . Under these conditions, the heads of the pups were fixed into the stereotaxic apparatus using two metal bars fixed with dental cement on the nasal and occipital bones, respectively. In some pups, the eye region was additionally anesthetized by hypothermia, the vitreous was extracted, and both retinas were removed with a thin cotton-covered bar. The bodies of the pups were surrounded by a cotton nest and kept at a constant temperature of 37°C by a temperature controller (TC-344B; Warner Instruments, Hamden, CT). After a 30 -60 min recovery period, single tungsten electrodes (50 m diameter; A-M Systems, Carlsborg, WA) were inserted vertically into the visual cortex to obtain simultaneous recordings of field potential and multiple unit activity (MUA). One or two silver wires were inserted into the cerebellum and served as ground electrodes. Stimulation of the ON was performed after surgically opening the lid under local anesthesia. Electrical pulses (50 -100 V; 50 s; 0.1 Hz) were applied via a bipolar tungsten electrode (2 M⍀; 160 m diameter; California Fine Wire, Grover Beach, CA) inserted 3-4 mm through the cornea to reach the head of ON. Low-frequency stimulation was used to prevent accommodation. Stimulation of the cholinergic BFn was performed at stereotaxic coordinates (0 -0.4 mm posterior to bregma, 1.5 mm lateral to midline, and 3.5-5 mm ventral to the pial surface) determined previously after staining for the vesicular acetylcholine transporter (VAChT). These coordinates correspond to the rostral region of the nB (Paxinos et al., 1991) , known to project to the visual cortex (Gaykema et al., 1990) . Single electrical pulses (5 V; 50 s; 0.1 Hz) or tetanic stimulation (1-10 V; 10 pulses at 10 Hz; 15 s) were applied by a bipolar tungsten electrode (160 m diameter; California Fine Wire) with a maximum tip separation of 400 m. The stimulated hemisphere was referred to as ipsilateral. In some experiments, the exact depth of extracellular recordings and BFn stimulation was assessed by using 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethyl indocarbocyanine (DiI; Invitrogen, Carlsbad, CA)-labeled electrodes (see Fig. 6 B) .
Pharmacological procedures. Pharmacological modification of the cholinergic input to V1 was performed on pups fixed on the stereotaxic apparatus. For this purpose, a 26GA needle (World Precision Instruments, Sarasota, FL) attached to a microsyringe pump controller (Micro4; World Precision Instruments) was used to inject either 1 l of solution intracerebroventricularly at a rate of 0.25 l/min, 20 -50 nl of solution intracortically at a rate of 25-50 nl/min, or 20 -50 nl on the V1 surface at a rate of 20 nl/min. In some experiments, the V1 surface was covered with atropine containing (1 mM) low-melting agar. The stereotaxic coordinates for intracerebroventricular injection in P5-P6 pups (1.5 mm posterior to bregma, 1.5 mm lateral to midline, and 2-3 mm ventral to the pial surface) were determined previously in our lab by dye application (H. Becq and M. Milh, personal communication) and correspond to literature data (Pappas et al., 1996; Robertson et al., 1998) . The stereotaxic coordinates for intracortical injections (2.5 mm posterior to bregma, 2.5 mm lateral to midline, and 300 -500 m ventral to pial surface) were chosen empirically to avoid side effects attributable to damage of the recorded V1. The injected hemisphere was referred to as ipsilateral. The applied substances were purchased as followed: atropine sulfate from Sigma (Taufkirchen, Germany) and physostigmine hemisulfate from Tocris (Ellisville, MO). Solutions of these drugs were prepared on the day of experiment in artificial CSF (ACSF) containing (in mM) 124 NaCl, 26 NaHCO 3 , 1.3 NaH 2 PO 4 , 1.9 MgCl 2 , 1.6 CaCl 2 , and 3 KCl, pH 7.4, osmolarity 333 mOsm. Control recordings were performed in each investigated pup before and after insertion of the injection syringe, and after solvent (ACSF) injection. At the end of each injection, the needle was withdrawn and a 5-10 min recovery period was allowed before starting the recordings.
Immunotoxin injection. Male P0 pups were anesthetized by hypothermia, placed on a performed mold, and immobilized with tapes. A 26GA needle (WPI) attached to a microsyringe pump controller (Micro4; WPI) was used to inject, at a slow rate (0.1 l/min), 0.5 l of 192 IgG-saporin (0.2 g/l, solved in 0.1 M PBS, pH 7.4) or 0.5 l of vehicle (0.1 M PBS, pH 7.4) into both lateral ventricles (1 mm posterior to bregma, 1 mm lateral to midline, and 2-2.5 mm ventral to pial surface). After injection, the needle was left in place for additional 1-3 min to allow optimal diffusion of the solution. The scalp wound was closed with tissue adhesive. Pups were warmed up under a filament bulb and returned to the dam only after full recovery of body temperature and motility (30 -60 min) to prevent maternal cannibalism. In each investigated litter, control (nontreated), PBS-, and immunotoxin-treated pups were observed daily (general and feeding behavior, weight). At P5-P6, the pups were deeply anesthetized by hypothermia, fixed in the stereotaxic apparatus as described above, and investigated for their V1 activity patterns.
Immunocytochemical analysis of the immunotoxin lesions. To examine the effects of 192 IgG-saporin on the BFn cholinergic neurons, at the end of recordings, the pups were perfused with 4% of paraformaldehyde dissolved in 0.1 M phosphate buffer (PB), pH 7.4. The brains were removed and postfixed in the same solution for 22-24 h. Blocks of tissue containing the BFn were then rinsed several times with PB and sectioned coronally on a freezing microtome at 50 m. Several series of sections were stained with an antibody against VAChT raised in goat (Millipore, Schwalbach, Germany), which is considered to by a highly specific marker for cholinergic neurons and, in addition, a robust antigen detectable with very high sensitivity (Schafer et al., 1995; Weihe et al., 1996) . A previously published standard protocol was used for immunostaining (Staiger et al., 2004) . Briefly, free-floating sections were rinsed with 0.1 M PB and 0.05 M Tris-buffered saline (with 0.3% Triton X-100; TBST), pH 7.6. All sera were diluted in TBST and, between all subsequent steps, the tissue was rinsed with TBST unless otherwise noted. Preincubation of the tissue in 10% normal serum (Vector Laboratories, Burlingame, CA) was followed by exposure to the primary antiserum (1:5.000) at 6°C for 36 h under gentle agitation. The tissue was afterward incubated with biotinylated rabbit anti-goat serum (1:200; Vector Laboratories) for 2 h at room temperature (RT) and subsequently treated with peroxidase coupled to an avidin-biotin complex (ABC, 1:400; Vector Laboratories) for 2 h at RT. The sections were then rinsed in TBST and 0.05 M Tris-buffer (TB, pH 7.6). On the next step, the buffer was exchanged with a chromogen solution consisting of 0.5% 3,3Ј-diaminobenzidine (Sigma). After a preincubation of 10 min, the reaction was started by adding hydrogen peroxide to a final concentration of 0.1%. The reaction was stopped by rinsing with TB when no additional increase in the staining intensity of neuronal processes could be visually detected (usually after 6 min). All tissue from all investigated animals was treated equally in the same experimental run. Because the specificity of the antisera was extensively tested and approved by the manufacturers, only immunocytochemical controls (replacement of the primary antiserum by the appropriately diluted normal serum) were performed and led to the absence of any staining. The sections were air dried and coverslipped through xylene with Entellan (Merck, Darmstadt, Germany).
Data analysis.
Data were acquired at a sampling rate of 10 kHz and analyzed off-line using ClampFit software (Molecular Devices, Union City, CA). Oscillatory events were detected by eye and confirmed after filtering the raw data between 5 and 50 Hz using a Butterworth filter. Only events lasting Ͼ100 ms and containing more than three cycles were considered for analysis. MUA was analyzed after filtering at 200 Hz highpass filter. The VAChT-stained sections were analyzed using Neurolucida (MBF Bioscience, Magdeburg, Germany). The stained cells in the nB [as identified according to Paxinos et al. (1980) and Mesulam et al. (1983) ] were counted and their density (stained cells per millimeter squared) calculated. Statistical analyses were performed with Systat (SPSS, Chicago, IL) and Origin 7 software (OriginLab, Northampton, MA) using Student's t test, ANOVA, and Wilcoxon test. Significance levels of p Ͻ 0.05 (*), p Ͻ 0.01 (**), and p Ͻ 0.001 (***) were considered. Data are presented as mean Ϯ SEM.
Results

Pharmacological manipulation of the cholinergic input modulates V1 spindle bursts
To assess the role of cholinergic innervation for the generation of spindle bursts in the visual cortex of the newborn rat, we first investigated the effects of mAChR blockade on V1 activity. Intracerebroventricular injection of the selective mAChR antagonist atropine (1 l, 10 mg/kg body weight, in ACSF) was performed unilaterally in 7 P5-P6 pups. Although a very small volume was applied and the speed of injection (0.25 l/min) was very slow, some of the atropine-induced effects could have been caused by pressure-or lesion-related action. To test this possibility, injections using only the vehicle (1 l of ACSF) were performed before atropine application in all seven pups investigated ( Fig. 1 A, C) . The occurrence of spindle bursts was modified neither on the contralateral (control, 2.3 Ϯ 0.2 bursts/min; ACSF, 2.2 Ϯ 0.3 bursts/min) nor on the ipsilateral hemisphere (2 Ϯ 0.1 bursts/ min; ACSF, 1.8 Ϯ 0.2 bursts/min) regarding to the side of injection. In addition, the amplitude (contralateral control, 192.5 Ϯ 23.8 V; ACSF, 176.8 Ϯ 21 V; ipsilateral control, 221.4 Ϯ 49.3 V; ACSF, 160.2 Ϯ 30 V), frequency within burst (contralateral control, 13.6 Ϯ 1.2 Hz; ACSF, 15 Ϯ 1 Hz; ipsilateral control, 15 Ϯ 1.2 Hz; ACSF, 15.2 Ϯ 1.3 Hz), and duration (contralateral control, 3.8 Ϯ 0.2 s; ACSF, 3.7 Ϯ 0.2 s; ipsilateral control, 3.9 Ϯ 0.1 s; ACSF, 3.2 Ϯ 0.3 s) of the spindle bursts were not affected by the ACSF injection. Moreover, the MUA showed a similar frequency under control conditions (contralateral, 0.4 Ϯ 0.1 Hz; ipsilateral, 0.36 Ϯ 0.1 Hz) and after ACSF injection (contralateral, 0.56 Ϯ 0.2 Hz; ipsilateral, 0.31 Ϯ 0.08 Hz; n ϭ 7 pups). In contrast, intracerebroventricular injection of atropine had a strong effect on the V1 activity in both hemispheres and especially on the ipsilateral side (n ϭ 7 pups) ( Fig. 1 A, C) . The occurrence of spindle bursts was significantly reduced on the contralateral (1.1 Ϯ 0.1 bursts/ min; p ϭ 0.0001) and ipsilateral (0.65 Ϯ 0.3 bursts/min; p ϭ 0.004) hemispheres after atropine application. Similarly, the amplitude of spindle bursts was reduced on both the contralateral V1 to 145.1 Ϯ 16.6 V and the ipsilateral V1 to 132.8 Ϯ 15 V. In contrast, the mean frequency within burst (contralateral, 13.6 Ϯ Figure 1 . Effects of mAChR blockade by intracerebroventricular injection of atropine on spindle bursts in the V1 cortex of newborn rat in vivo. A, Extracellular field potential recordings from the ipsilateral (black trace) and contralateral (gray trace) V1 of a P6 rat under control conditions, after injection of 1 l of ACSF, and after injection of 1 l of atropine (10 g/g body weight in ACSF). Inset, Typical spindle bursts displayed at expanded time scale and averaged power spectrum of the field potential oscillations corresponding to the displayed traces. Note the reduced burst occurrence and the unchanged amplitude and frequency within burst in the presence of atropine. B, Time dependence of atropine effect on the spindle bursts recorded on the ipsilateral (black dots) and contralateral (gray dots) hemispheres in seven P5-P6 pups and compared with control. Each dot corresponds to the averaged burst occurrence per min. C, Bar diagram displaying the effects of intracerebroventricularly applied atropine on the occurrence of spindle bursts recorded on the ipsilateral (black bars) and contralateral (gray bars) V1 cortices of seven pups. The hemisphere of intracerebroventricular injection was defined as ipsilateral.
1.4 Hz; ipsilateral, 15.1 Ϯ 0.6 Hz), as well as the prevalence of alpha-and beta-band (relative power in control, 89.9 Ϯ 1.1%; atropine, 91.1 Ϯ 1.7%; n ϭ 7 pups) versus gamma-band activity (relative power in control, 11.1 Ϯ 1.2%; atropine, 8.9 Ϯ 1.7%; n ϭ 7 pups) were not significantly affected by atropine. Whereas the duration of spindle bursts on the contralateral side to injection remained unchanged (3.6 Ϯ 0.3 s), a slight reduction in the duration of ipsilateral bursts to 2.1 Ϯ 0.1 s was observed after intracerebroventricular injection of atropine. To characterize the dynamics of atropine action on cortical activity, its effect on the spindle bursts was investigated during 1 h. The atropine-induced reduction in the occurrence of spindle bursts on both hemispheres was generally constant over the investigated period ( Fig.  1 B) ; in only three of seven pups a slight recovery being observed. Pharmacokinetics of atropine in vivo is poorly understood; however, it may be suggested that the high-binding affinity of atropine as well as limited atropine washout through the blood-brain barrier into a small body volume in pups may account for the persistence of atropine-induced blockade. In addition, atropine application seems to interfere with the patterns of interhemispheric synchronization. Although the fraction of spindle bursts occurring within a time window Ϯ1 s on both hemispheres was similar before (control, 24.3 Ϯ 5.7%; ACSF, 24.3 Ϯ 6.5%; n ϭ 7 pups) and after atropine injection (20 Ϯ 7.2%; n ϭ 7 pups), the interhemispheric cross-correlation coefficients significantly ( p ϭ 0.02) decreased (control, 0.16 Ϯ 0.03; atropine, 0.08 Ϯ 0.03; n ϭ 7 pups). These results suggest that the cholinergic input from the basal forebrain may reinforce the interhemispheric synchronization of spindle burst activity that is mainly achieved by the callosal and commissural connections (Innocenti, 1995; Bloom and Hynd, 2005) . The ability of intracerebroventricularly injected atropine to diminish the V1 oscillatory activity supports the hypothesis that the cholinergic innervation acting on mAChR exerts a powerful modulation of cortical activity, facilitating the generation of V1 spindle bursts.
Because blockade of mAChR using intracerebroventricular injection of atropine may not only affect the cortical receptors, but also have a global effect on subcortical regions, we applied atropine directly to the cortex (n ϭ 9 pups) using two approaches. First, atropine was injected intracortically at 1.5-3 mm distance from the recorded V1 site. The injected volume did not exceed 50 nl and a very low injection speed (usually 25 nl/min) was used. In addition to these precautions, we first tested the nonspecific effects of ACSF injection (n ϭ 4 pups). ACSF had no significant effects on the spindle bursts or MUA of both injected and noninjected hemispheres (Fig. 2 A, B) . A different situation could be observed when atropine was intracortically injected into one hemisphere (n ϭ 4 pups). On the contralateral side, neither the occurrence (control, 1.6 Ϯ 0.2 bursts/min; atropine, 1.6 Ϯ 0.2 bursts/min), nor the amplitude (control, 136.4 Ϯ 5.5 V; atropine, 157.4 Ϯ 6.2 V), the frequency within the burst (control, 16.6 Ϯ 1.2 Hz; atropine, 17.8 Ϯ 0.4 Hz), or the duration of the burst (control, 3.4 Ϯ 0.5 s; atropine, 3 Ϯ 0.2 s) was significantly modified by atropine. In contrast, a significant drop in the ipsilateral V1 activity was observed after cortical mAChR blockade. The occurrence of V1 spindle bursts significantly decreased from 1.9 Ϯ 0.3 to 0.8 Ϯ 0.3 bursts/min ( p ϭ 0.0002) (Fig. 2 A, B) and the duration of single bursts was significantly reduced from 3.6 Ϯ 0.3 to 2.6 Ϯ 0.03 s ( p ϭ 0.045; n ϭ 4 pups). The amplitude (control, 193 .7 Ϯ 15.2 V; atropine, 169.8 Ϯ 20.4 V) and the frequency within bursts (control, 17.4 Ϯ 1.1 Hz; atropine, 18.5 Ϯ 0.4 Hz) of the ipsilateral spindle bursts were not modified by intracortical injection of atropine.
In the second approach, atropine was either unilaterally superfused on the V1 surface (n ϭ 3 pups) or mixed with lowmelting agar to unilaterally cover V1 (n ϭ 2 pups). Because both methods led to similar results, the data were pooled together. Whereas direct delivery of ACSF on V1 had no effect on the ipsilateral and contralateral spindle bursts, direct atropine appli- Figure 2 . Effects of mAChR blockade by intracortical injection or by application of atropine to the cortical surface on V1 spindle bursts. A, Extracellular field potential recordings from ipsilateral (black trace) and contralateral (gray trace) V1 of a P5 rat under control conditions, after intracortical injection of 20 nl of ACSF, and after intracortical injection of 20 nl of atropine (10 g/g body weight, in ACSF). Inset, Typical spindle bursts displayed at an expanded time scale and averaged power spectrum of the field potential oscillations corresponding to the displayed traces. Note the reduced burst occurrence on the side of atropine injection. B, Bar diagram displaying the effects of intracortical atropine injection on the occurrence of bursts in the ipsilateral (black bars) and contralateral (gray bars) V1 of four P5-P6 pups. C, Bar diagram displaying the effects of atropine application to the V1 surface on the occurrence of bursts in the ipsilateral (black bars) and contralateral (gray bars) V1 of five P5-P6 pups. The occurrence of spindle bursts before cortical application was considered as 100%. The hemisphere of intracortical injection or cortical application was defined as ipsilateral.
cation diminished the V1 activity on the treated hemisphere (Fig.  2C) . The occurrence of the ipsilateral spindle bursts significantly ( p ϭ 0.003) decreased from 1.14 Ϯ 0.07 bursts/min in control and 1.24 Ϯ 0.09 bursts/min after ACSF application to 0.5 Ϯ 0.05 bursts/min after atropine application (n ϭ 5 pups), whereas the contralateral side of application was unaffected (control, 0.9 Ϯ 0.1 bursts/min; ACSF, 0.9 Ϯ 0.1 bursts/min; atropine, 0.86 Ϯ 0.1 bursts/min). Moreover, atropine significantly ( p ϭ 0.006) decreased the duration of ipsilateral spindle bursts (control, 4.6 Ϯ 0.1 s; ACSF, 4.6 Ϯ 0.4 s; atropine, 3 Ϯ 0.3 s). Similar to the intracortically injected atropine, the direct application of the antagonist on the V1 did not modify the amplitude (control, 126.6 Ϯ 21.2 V; atropine, 96.1 Ϯ 7.2 V) and the frequency within bursts (control, 11.1 Ϯ 1.4 Hz; atropine, 13.1 Ϯ 1.4 Hz) of the ipsilateral spindle bursts. These data reinforce our hypothesis that the atropine-induced diminishment of cortical activity is attributable to blockade of cortical mAChR, but not to subcortical effects.
Our previous data indicate that the V1 spindle bursts are selforganized oscillations that can be selectively triggered by retinal waves , but not by cortical stimulation (R. Khazipov, unpublished observation). Therefore, we separately investigated the effects of cholinergic drive on the spontaneous, retina-independent spindle bursts as well as on the retina-driven oscillatory activity. To abolish the retinal input, both retinas were removed (n ϭ 5 pups). According to our previous data , spontaneous spindle bursts occurred at a lower frequency in the retinas-ablated animals (0.7 Ϯ 0.15 bursts/min; n ϭ 5 pups) (Fig. 3A) . Additionally, retina removal slightly shifted the power of the spindle bursts toward alpha-band frequency (8 -12 Hz) and decreased the amount of beta-band (12-30 Hz) oscillations (compare Figs. 1 A, 3A, power spectra), but these changes were not at a significant level ( p ϭ 0.138). Intracerebroventricular injection of ACSF modified neither their occurrence (contralateral control, 0.73 Ϯ 0.13 bursts/min; ACSF, 0.64 Ϯ 0.13 bursts/min; ipsilateral control, 0.65 Ϯ 0.2 bursts/ min; ACSF, 0.66 Ϯ 0.2 bursts/min; n ϭ 5 pups) nor the amplitude (contralateral control, 129.8 Ϯ 15.1 V; ACSF, 128 Ϯ 20.2 V; ipsilateral control, 150.3 Ϯ 42 V; ACSF, 214.7 Ϯ 74 V), duration (contralateral control, 1.9 Ϯ 0.3 s; ACSF, 2.1 Ϯ 0.3 s; ipsilateral control, 2 Ϯ 0.4 s; ACSF, 1.9 Ϯ 0.8 s), or frequency within burst (contralateral control, 10.3 Ϯ 1 Hz; ACSF, 11 Ϯ 1 Hz; ipsilateral control, 12.9 Ϯ 1.7 Hz; ACSF, 14.8 Ϯ 2.5 Hz) (Fig.  3 A, B) . In contrast, intracerebroventricular injection of 1 l of atropine solution (10 mg/kg body weight in ACSF) significantly reduced the occurrence of spindle bursts to 0.43 Ϯ 0.08 bursts/ min ( p ϭ 0.018) on the contralateral side of injection and to 0.3 Ϯ 0.16 bursts/min ( p ϭ 0.039) on the ipsilateral side (n ϭ 5 pups) (Fig. 3 A, B) . The amplitude (contralateral, 103.3 Ϯ 7.2 V; ipsilateral, 131.4 Ϯ 25.8 V), frequency within the burst (contralateral, 11 Ϯ 1 Hz; ipsilateral, 14.8 Ϯ 2.5 Hz), and duration (contralateral, 2.1 Ϯ 0.3 s; ipsilateral, 1.9 Ϯ 0.3 s) of endogenous V1 spindle bursts were not significantly modified by atropine. These data indicate that the cholinergic input facilitates the endogenously generated retina-independent V1 activity.
To approach the role of cholinergic innervation for the generation of retina-driven spindle bursts, we recorded the V1 activity elicited by electrical stimulation of the ON before and after intracortical atropine injection. As reported previously ), ON stimulation led to two types of responses on the contralateral V1, a direct response being often followed by ON-induced spindle bursts (Fig. 4 Ai) . The robust direct response with a mean amplitude of 154.7 Ϯ 22.9 V started 29 Ϯ 3 ms from stimulation and lasted 0.7 Ϯ 0.1 s (n ϭ 5 pups). It was followed in 12.6 Ϯ 2.3% of stimulations by spindle bursts with mean amplitude of 138.9 Ϯ 17.7 V, starting 0.9 Ϯ 0.7 s from stimulation and lasting for 2.9 Ϯ 0.4 s. The ON-induced V1 spindle bursts revealed a wide distribution of frequencies within burst ranging from 8 to 22 Hz with a mean of 12.4 Ϯ 1.2 Hz (Fig.  4 Aii,iii) . Whereas the direct response was not affected by intra- Figure 3 . Effects of mAChR blockade by intracerebroventricular injection of atropine on the endogenous V1 spindle bursts in the retinas-ablated pups. A, Extracellular field potential recordings from ipsilateral (black trace) and contralateral (gray trace) V1 of a P6 rat under control conditions (both retinas removed), after injection of 1 l of ACSF, and after injection of 1 l of atropine (10 g/g body weight, in ACSF). Inset, Typical spindle bursts displayed at expanded time scale and averaged power spectrum of the field potential oscillations corresponding to the displayed traces. Note that atropine reduced the occurrence of endogenous spindle bursts. B, Bar diagram displaying the effects of intracerebroventricularly applied atropine on the occurrence of bursts on the ipsilateral (black bars) and contralateral (gray bars) V1 of five P5-P6 pups. The hemisphere of intracerebroventricular injection was defined as ipsilateral.
cortical injection of atropine (onset, 31 Ϯ 5 ms; amplitude, 161.4 Ϯ 33 V; duration, 0.8 Ϯ 0.2 s; n ϭ 5) (Fig. 4 Ai,Bi,C) , the ON-induced spindle bursts were diminished by blockade of cortical mAChR (Fig. 4 Aii,Bii,D) . The occurrence of ON-induced V1 spindle bursts significantly decreased to 2.8 Ϯ 0.9% of stimulations ( p ϭ 0.004). The onset (0.95 Ϯ 0.2 s), amplitude (106.8 Ϯ 8.7 V), duration (2.1 Ϯ 0.6 s), and frequency within the bursts (12.9 Ϯ 0.5 Hz) (Fig. 4 Biii) were not modified by atropine. These data indicate that the cholinergic input controls not only the spontaneous, but also the retina-triggered V1 spindle bursts.
We further investigated the effects of increased ACh level on V1 spindle bursts by blocking the ACh degrading enzyme acetylcholine esterase (AChE) with the specific inhibitor physostigmine (Grundfest et al., 1952) . Physostigmine was intracortically injected (300 -600 m deep, at 1.5-3 mm anterior from the recoding site) in six P5-P6 pups or topically applied on the V1 surface in five P5-P6 pups. This local type of application was used because intracerebroventricularly injected physostigmine (n ϭ 4 pups) caused a dramatic increase in the motor activity (n ϭ 4 pups), seizure-like behavior (n ϭ 4 pups), and even death (n ϭ 1 pup). Control experiments were performed by injecting the vehicle (ACSF) at the same volume and speed as physostigmine. Neither the MUA frequency nor the properties of spindle bursts on both hemispheres were modified by intracortical injection or cortical application of ACSF (Fig. 5A ). In contrast, physostigmine (20 -50 nl; 130 g/kg body weight, in ACSF) generally modified the bursting pattern on the side of injection (Fig. 5 A, B) . The occurrence of ipsilateral V1 spindle bursts was significantly increased from 1.2 Ϯ 0.1 bursts/min under control conditions to 1.8 Ϯ 0.1 bursts/min ( p ϭ 0.0002) in the presence of physostigmine. Their amplitude and duration were also significantly augmented from 165.1 Ϯ 23.9 V in control to 230.9 Ϯ 28.6 V in physostigmine ( p ϭ 0.03; n ϭ 6 pups) and from 3.35 Ϯ 0.3 s in control to 5.2 Ϯ 0.5 s in physostigmine ( p ϭ 0.007; n ϭ 6 pups), respectively. However, the frequency within burst remained constant (control, 13.9 Ϯ 1.4 Hz; physostigmine, 12.7 Ϯ 1 Hz; n ϭ 6 pups) (Fig. 5A, insets, B) . Associated with the augmentation of spindle bursts, the frequency of MUA on the ipsilateral V1 was significantly increased from 0.8 Ϯ 0.3 to 3.4 Ϯ 1 Hz ( p ϭ 0.026; n ϭ 6 pups). The activity on the noninjected hemisphere was not significantly augmented by physostigmine, neither the occurrence (control, 1.5 Ϯ 0.2 bursts/min; physostigmine, 1.6 Ϯ 0.2 bursts/min), amplitude (control, 134.9 Ϯ 30.7 V; physostigmine, 129.2 Ϯ 22.3 V), or duration (control, 3.8 Ϯ 0.4 s; physostigmine, 3.8 Ϯ 0.4 s) of spindle bursts, nor the frequency within burst (control, 12.8 Ϯ 1.4 Hz; physostigmine, 12.7 Ϯ 1 Hz) or the MUA frequency (control, 0.26 Ϯ 0.2 Hz; physostigmine, 0.37 Ϯ 0.3 Hz) being modified (Fig. 5 A, B) . Similarly, the direct application of physostigmine (130 g/kg body weight; 20 -50 nl at 20 nl/min) on the V1 surface led to a significant ( p ϭ 0.02) increase in the occurrence of ipsilateral spindle bursts from 0.8 Ϯ 0.1 bursts/min to 1.36 Ϯ 0.1 bursts/min, but had no effects on the contralateral activity.
These results reinforce the hypothesis that the cholinergic input facilitates the generation of spindle bursts in the neonatal visual cortex.
Stimulation of the cholinergic basal forebrain nuclei induces V1 spindle bursts
Most of the cholinergic axons innervating the neocortex originate in the BFn (Metherate et al., 1992) . They start to grow into the cortical layers by birth, maturating during the first postnatal weeks (Kiss and Patel, 1992) . The contribution of BFn to the cholinergic control of V1 spindle bursts was assessed by simultaneously stimulating the BFn and recording the V1 cortical activity in three P0 -P1 and eight P5-P6 rats (Fig. 6 A) . The electrode Figure 4 . Effects of intracortical injection of atropine on the V1 spindle bursts elicited by ON stimulation. A, Averaged ON-evoked cortical responses (1; i) followed by individual spindle bursts (2; ii) in response to electrical stimulation (black arrow) of the contralateral ON in a P5 pup under control conditions. Note the various amplitude and duration of the ON-induced spindle bursts. Aiii, Power spectra of the single ON-induced V1 spindle bursts shown in ii. B, Averaged direct cortical responses (1; i) followed by individual spindle bursts (2; ii) in response to electrical stimulation (black arrow) of the contralateral ON in a P5 pup after intracortical injection of 50 nl of atropine (10 g/g body weight, in ACSF; coordinates of injection on the recorded side, Ϫ2 mm anterior to bregma, 2.5 mm lateral to midline, and 400 m below the pial surface). Note that atropine had no effect on the direct response, but diminished the ONinduced spindle bursts. Biii, Power spectra of the single ON-induced V1 spindle bursts shown in ii. C, Bar diagram displaying the relative onset, amplitude, and duration of the ON-induced direct response (1) in the presence of atropine when compared with controls (100%). D, Bar diagram displaying the properties of ON-induced spindle bursts in the V1 of five pups before and after intracortical injection of atropine on the recorded hemisphere.
for BFn stimulation was inserted 0 -0.4 mm posterior to bregma, 1.5 mm lateral to midline, and 3.5-5 mm ventral to the pial surface. These stereotaxic coordinates correspond to the location of the BFn described previously (Paxinos et al., 1991) (Fig. 6 B) and were confirmed by DiI-labeling of electrodes (Fig. 6 B) and immunocytochemical staining for the VAChT (Fig. 6C) .
Stimulation of the BFn was performed taking several precautions. The deep insertion of the stimulation electrode required by the ventral localization of the BFn may have damaging effects on the brain structures with more dorsal positions and, therefore, a nonspecific action on the V1 activity. To decide on the consequences of this lesion, we investigated the V1 oscillatory activity before and after insertion of the stimulation electrode (n ϭ 6 pups). The frequency of MUA was not significantly modified by the insertion of the electrode (1.1 Ϯ 0.4 Hz in control and 0.6 Ϯ 0.2 Hz after insertion). A similar lack of effects was observed when the properties of V1 spindle bursts were investigated. Their occurrence was completely comparable before (contralateral, 1.5 Ϯ 0.2 bursts/min; ipsilateral, 1.9 Ϯ 0.4 bursts/min) and after electrode insertion (contralateral, 1.1 Ϯ 0.2 bursts/min; ipsilateral, 1.9 Ϯ 0.3 bursts/min), and no significant changes could be observed in the amplitude (contralateral, 106 Ϯ 10 V in control and 106 Ϯ 11 V after insertion; ipsilateral, 197 Ϯ 44 V in control and 180.6 Ϯ 31 V after insertion) or the duration (contralateral, 3.1 Ϯ 0.5 s in control and 2.7 Ϯ 0.2 s after insertion; ipsilateral, 3.6 Ϯ 0.5 s in control and 3.3 Ϯ 0.5 s after insertion) of V1 spindle bursts. Thus, the insertion of the stimulation electrode into BFn does not affect the V1 activity.
Because a single stimulation of the BFn had no effect on the V1 activity (n ϭ 3 pups), we used a previously described tetanic stimulation protocol (Metherate and Ashe, 1991; Rasmusson et al., 1994) to increase the efficiency of stimulation. In eight investigated P5-P6 pups, repetitive stimulation of the BFn at 10 Hz for 1 s performed with a bipolar electrode every 15 s induced spindle bursts on the ipsilateral side of stimulation in 15.6 Ϯ 2.4% of stimulations (Fig. 6 D, top, E) . BFn-evoked spindle bursts started 1.5 Ϯ 0.1 s after the tetanic train of pulses and showed similar amplitude (149.1 Ϯ 19.5 V; n ϭ 8 pups), frequency within bursts (13.8 Ϯ 0.9 Hz; n ϭ 8 pups) (Fig. 6 D inset) , and duration (2.2 Ϯ 0.3 s; n ϭ 8 pups) as the spontaneously occurring V1 spindle bursts. The generation probability of spindle bursts in the contralateral V1 after BFn stimulation was significantly lower (6.9 Ϯ 1.2%; p ϭ 0.01; n ϭ 8 pups) (Fig. 6 D, bottom, E) when compared with the stimulated side. These data suggest that activation of BFn afferents projecting to the visual cortex significantly increases the generation probability of V1 spindle bursts. We also tested the effect of BFn stimulation in newborn rats. None of the three investigated P0 -P1 pups displayed spindle bursts in control conditions (see also Hanganu et al., 2006) or in response to BFn-stimulation. Because mAChRs agonists evoke beta oscillations in the P0 -P1 neocortex in vitro (Dupont et al., 2006) , the lack in the effect of BFn stimulation may reflect the immaturity of the cholinergic BFn input to neocortex at birth.
Immunotoxic lesion of cholinergic basal forebrain nuclei dramatically diminishes the V1 spindle bursts
The basal forebrain cholinergic projections have been already described as a major factor in the maintenance of normal cortical neuronal structure and function (Hohmann, 2003) . Therefore, in the next series of experiments, we studied the effects of longlasting alteration of the cortical cholinergic input on the V1 spindle bursts. For this purpose, we used a selective method to permanently impair the basal forebrain cholinergic neurons. In contrast to the electrolytic and excitatory amino acid-induced lesions (Hohmann and Coyle, 1988) , with an inherent lack of selectivity, the immunolesion technique using 192 IgG-saporin leads to exclusive destruction of the cholinergic neurons in the basal forebrain (Wiley et al., 1991; Book et al., 1992; Robertson et al., 1998; Pappas and Sherren, 2003) . The immunotoxin termed Figure 5 . Effects of increased cortical ACh levels by blockade of the AChE with physostigmine on the V1 spindle burst activity of the newborn rat in vivo. A, Extracellular field potential recordings from ipsilateral (black trace) and contralateral (gray trace) V1 of a P6 rat under control conditions, after intracortical injection of 20 nl of ACSF, and after intracortical injection of 20 nl of physostigmine (130 g/kg body weight, in ACSF). Note the increased occurrence, amplitude, and duration of the V1 bursts on the side of injection. Inset, Typical spindle bursts displayed at an expanded time scale and averaged power spectrum of the field potential oscillations corresponding to the displayed traces. Note the dramatic physostigmine-induced increase in the burst power. B, Bar diagram displaying the effects of physostigmine on the occurrence, amplitude, frequency within burst, and duration of ipsilateral (black bars) and contralateral (gray bars) V1 bursts of six pups. Control values recorded before physostigmine application were considered as 100%. The hemisphere of intracortical injection was defined as ipsilateral.
192 IgG-saporin has been obtained by connecting saporin, a plant-derived ribosome inactivating protein, with an antibody against the low-affinity neurotrophin receptor, p75 (Wiley et al., 1991) .
The effects of a selective immunolesion of cholinergic neurons on the oscillatory activity of the V1 were investigated in 21 P5-P6 rats. For these investigations, only the male pups from three litters were used to avoid the influence of different maturation dynamic in males and females of the cholinergic system (Arters et al., 1998) in particular, and of the neocortex in general (Gregory, 1975; Munoz-Cueto et al., 1991) . The pups were divided into three groups: (1) pups nontreated, serving as control (n ϭ 8), (2) pups receiving a bilateral intracerebroventricular injection of a total of 1 l of PBS (solvent for 192 IgG-saporin) at P0 (n ϭ 5), and (3) pups receiving a bilateral injection of a total of 1 l of 192 IgG-saporin (0.2 g/l) in PBS at P0 (n ϭ 8). An extensive analysis of the histological changes of 192 IgG-saporin-treated pups is already available (Robertson et al., 1998) . In accordance with these data, the VAChT staining performed on a total of 10 P6 pups revealed a dramatic reduction in the number, but not a complete destruction of the basal forebrain cholinergic neurons in the 192 IgG-saporin-injected pups (n ϭ 4) when compared with the controls (Fig. 7Ai,iii) , whereas no significant changes were observed in the PBS-treated pups (n ϭ 4) (Fig. 7Ai,ii) . We quantified the neuronal loss in the rostral parts of the BFn (including magnocellular medial preoptic nucleus, horizontal limb of the diagonal band, and rostral nucleus basalis), known to preferentially project to the occipital cortex (Mesulam et al., 1983; Gaykema et al., 1990) . The density of cholinergic neurons significantly decreased from 168.3 Ϯ 10.4 neurons/mm 2 in controls to 102.3 Ϯ 6.5 neurons/mm 2 ( p ϭ 0.019) in saporintreated pups, but was not affected by the PBS treatment (149.4 Ϯ 14.6 neurons/ mm 2 ) (Fig. 7B) . Because 192 IgG-saporin treatment may generally impair the development of animals by affecting their behavior and feeding abilities (Leanza et al., 1996; Pappas et al., 1996; Robertson et al., 1998) , we also investigated the developmental increase in the body weight of control and treated animals. No significant difference was observed between the weight of control, PBS-, and 192 IgG-saporin-treated pups over the investigated time-window, P0 -P6 (Fig. 7C) . These results are in accordance with previous data, showing that the immunotoxin treatment leads to weight loss starting from P8 (Robertson et al., 1998) . Additionally, without being the main focus of our study and therefore not systematically quantified, the observed general behavior (locomotor ability, sleep-awake cyclus, feeding ability, response to maternal behavior) of PBS-and 192 IgG-saporin-treated pups did not differ from that of the controls (nontreated).
The V1 activity of the control animals was characterized by the presence of spindle bursts as the main activity pattern (Fig.  7Di) . The bursts recorded at the same depth in all investigated pups occurred at similar frequencies on both hemispheres (1.75 Ϯ 0.2 and 1.75 Ϯ 0.24 bursts/min; n ϭ 8 pups) and had similar amplitudes (135.9 Ϯ 14.3 and 125.5 Ϯ 17.7 V), frequency within burst (14 Ϯ 1 and 12 Ϯ 1 Hz), duration (3.5 Ϯ 0.3 and 3.4 Ϯ 0.3 s), and power (133.8 Ϯ 42.2 and 190.8 Ϯ 91.8 V 2 /Hz). The spindle bursts were accompanied by MUA occurring at an average frequency of 0.23 Ϯ 0.08 Hz (n ϭ 8 pups). Before characterizing the action of 192 IgG-saporin on the cortical activity, we tested the effects of needle insertion and intracerebroventricular solvent (PBS) injection. Five to 6 d after 192 IgG-saporin injection, no evidence of major damage caused by the injection needle was recognizable. The V1 oscillatory activity recorded in PBS-treated pups (n ϭ 5) was similar to that recorded in control animals (Fig. 7Dii,E) . The spindle bursts of each of the two hemispheres occurred at frequencies of 2 Ϯ 0.3 and 2.3 Ϯ 0.2 bursts/min, respectively, and had amplitudes of 140.3 Ϯ 28 and 150 Ϯ 39.4 V, respectively. The duration (3.5 Ϯ 0.5 and 3 Ϯ 0.3 s) and power (89.3 Ϯ 26.3 and 295 Ϯ 200 V 2 /Hz) of spindle bursts as well as the frequency within burst (13.9 Ϯ 0.6 and 12.1 Ϯ 2 Hz) were not significantly different from the controls. The frequency of MUA (0.2 Ϯ 0.08 Hz) remained unchanged in PBS-treated pups when compared with controls. In contrast, neonatal treatment with 192 IgG-saporin caused major changes in the V1 oscillatory activity of the eight pups investigated 5-6 d after immunotoxin injection. The activity on both hemispheres diminished (Fig. 7Diii,E) . The occurrence of spindle bursts on each of the two hemispheres was significantly reduced to 0.2 Ϯ 0.09 bursts/min ( p ϭ 2.5 ϫ 10 Ϫ6 ) and 0.3 Ϯ 0.07 bursts/min ( p ϭ 3.8 ϫ 10 Ϫ5 ), respectively, and the amplitude significantly decreased (70.2 Ϯ 7.9 V, p ϭ 0.003; 59.3 Ϯ 4.4 V, p ϭ 0.005). The spindle bursts recorded in 192 IgGsaporin-treated pups were shorter (1.8 Ϯ 0.3 and 2.8 Ϯ 0.4 s; n ϭ 8) than in controls and the frequency within bursts significantly lower (10.3 Ϯ 1 Hz, p ϭ 0.004; 10.7 Ϯ 1 Hz, p ϭ 0.035; n ϭ 8). The power of spindle bursts on each of the two hemispheres decreased to 11.2 Ϯ 4.7 V 2 /Hz ( p ϭ 0.029) and 8.4 Ϯ 1.5 V 2 /Hz ( p ϭ 0.08), respectively, after treatment with 192 IgG-saporin. Thus, these results indicate that the selective lesion of cholinergic neurons in the basal forebrain using 192 IgG-saporin dramatically reduces the V1 oscillatory activity, supporting the role of cholinergic innervation for the normal development of cortical circuitry and function.
Discussion
In the present study, we investigated the impact of cholinergic input on the oscillatory activity of the visual cortex during the first postnatal week, which is a critical period for the fine-tuning of the geniculocortical connections (Cang et al., 2005; del Rio and Feller, 2006; Huberman et al., 2006) . Using in vivo recordings from V1 of neonatal rats paired with short-term and long-term modification of the cholinergic input, we showed that (1) acute pharmacological blockade of the cortical mAChR or increase in the ACh level modulates both spontaneous and retina-triggered V1 spindle bursts, (2) electrical stimulation of the BFn responsible for the cortical cholinergic input elicits V1 spindle bursts, and (3) irreversible immunotoxic lesion of the BFn dramatically diminishes the oscillatory spindle bursts activity of the V1 cortex. Thus, these data indicate that the cho- linergic drive to the visual cortex facilitates the generation of spontaneous and retina-driven V1 spindle bursts and reinforce the idea that ACh is one of the neuromodulatory inputs able to shape the immature synaptic circuits by optimally controlling their activity.
Cholinergic control of V1 spindle bursts
Several lines of evidence indicate that the cholinergic input from the BFn facilitates the generation of spindle bursts in the neonatal visual cortex. First, mAChR blockade by atropine applied via various routes reduced the occurrence of the V1 spindle bursts. Similar effects have been documented in the adult visual cortex, where iontophoretic blockade of the mAChR reduced the endogenous fast gamma oscillations in vivo (Rodriguez et al., 2004) . In contrast, the literature data concerning the cholinergic influence on circuit activity in the neonatal cortex are less uniform. Whereas application of cholinergic agonists in vitro may occasionally inhibit the responses of developing circuits (Roerig et al., 1997) , their potentiation seems to be the dominant function of cholinergic innervation. Application of cholinergic agonists on cortical slices induced periodic oscillatory activity (Kilb and Luhmann, 2003 ) (I. L. Hanganu, unpublished observations) capable of spreading over large distances (Peinado, 2000) or facilitated the cortical synaptic transmission in an age-dependent manner (Kuczewski et al., 2005) . To the best of our knowledge, the present data are the first in vivo proof of the causality between the acute modification of the mAChR and the modulation of neonatal cortical activity and, thus, confirm the positive role of cholinergic input on the early V1 activity. Remarkably, both retinaindependent and retina-triggered spindle bursts are modified by atropine, indicating a global action of the cholinergic input on V1 activity. However, atropine diminished more strongly the retinadriven activity than the endogenous V1 oscillations, both the occurrence and the amplitude of retina-triggered spindle bursts being significantly reduced. It remains to be elucidated whether this early selective potentiation is a prerequisite for the dependence of plasticity in the adult visual cortex on cholinergic innervation (Gu and Singer, 1993) .
Second, the augmentation of the cortical activity by blockade of AChE is likely to reinforce the cholinergic modulation of V1 activity. Physostigmine as a potent AChE antagonist enhanced the V1 ability to generate spindle bursts. A similar increase in the frequency of the giant depolarizing potentials was observed after AChE blockade in the neonatal rat hippocampus in vitro (Avignone and Cherubini, 1999) .
Third, stimulation of the BFn increased the generation probability of V1 spindle bursts. The reliable facilitation of the spindle bursts in P5-P6 pups, and the lack of BFn-induced spindle bursts at an early postnatal age (P0 -P1) when spontaneous V1 bursts are also absent, supports the modulatory role of the BFn cholinergic input. The low incidence of BFn-induced spindle bursts could be partially attributable to the relative immaturity of the BFn-to-cortex pathway. The distribution of cholinergic fibers in cortical areas shows an adult-like pattern starting at P11 (Calarco and Robertson, 1995) . However, we cannot rule out an ineffective stimulation paradigm as a cause for the low incidence of BF-induced oscillations. Despite the fact that BFn stimulation was performed according to the stereotaxic coordinates determined in the present study by VAChT staining and corresponding to the literature data (Gaykema et al., 1990) , the deep and discrete localization, as well as the small size of BFn, precluded a more precise activation of the cholinergic input using bipolar stimulation electrodes. However, none of the nuclei located in the direct neighborhood of the BFn directly projects to V1 and, therefore, the probability of nonspecific activation remains relative low. Such technical difficulties concerning the access to BFn neurons in newborns may explain the lack of previous data concerning the effect of BFn stimulation on the neonatal cortical activity. Our data, describing for the first time the BFn modulation of neonatal spindle bursts, are similar to the effect observed in adult animals, where stimulation of BFn elicited EEG activation via cortical mAChR (Metherate et al., 1992) .
Finally, the chronic effects of an immunotoxic lesion of the BFn represent a solid piece of evidence for the cholinergic modulation of V1 activity. According to anatomical studies, the destruction of cholinergic BFn neurons starts 24 h after injection of 192 IgG-saporin, reaches its maximum 10 -20 d later, and lasts for at least 6 month (Robertson et al., 1998; Koh et al., 2005) . Despite the fact that 5-6 d after intracerebroventricular injection of immunotoxin the lesion of BFn cholinergic neurons is not complete (see VAChT staining), a dramatic reduction in the occurrence and a significant modification of the properties of V1 spindle bursts could be observed. Profound impairment of V1 spindle bursts indicates abnormal cortical development in 192 IgG saporin-treated animals. This is in keeping with the results of a large number of studies that characterized the morphological and behavioral effects of the 192 IgG-saporin injections. Reduction of the cortical thickness and cholinergic innervation (Robertson et al., 1998; Koh et al., 2005) associated with more or less pronounced impairment of visual attention and working memory (Leanza et al., 1996; Pappas et al., 2005; McGaughy et al., 2005) have been described. Yet, in contrast to robust modification of activity in neonates, the adult cortical activity is less impaired by 192 IgG-saporin (Wenk et al., 1994; Holschneider et al., 1999) . Therefore, the shaping ability of the cholinergic input from the BFn seems to be optimal during a defined phase of development and to decrease at adulthood.
In addition to the immunolesion of cholinergic BFn neurons, an additional mechanism may account for the significant effects of saporin treatment, performed directly at birth, on the cortical activity. 192 IgG-saporin selectively lesions the p75 expressing neurons, which cluster within the BFn, but are present in other brain regions, however, at lower density. In the neonatal cortex, the expression of p75 receptor is highly restricted to a transiently expressed layer of neurons, the subplate (Koh and Loy, 1989; Meinecke and Rakic, 1993) . The subplate neurons are requested for the generation of oscillatory activity patterns in the neonatal cortex by birth (Dupont et al., 2006) . To which extent lesion of the p75-expressing subplate neurons contributes to the 192 IgG saporin-induced impairment of spindle bursts remains to be elucidated.
The mechanisms by which the cholinergic input controls and enhances the synchronized cortical activity are not completely understood. The excitatory mAChR-mediated ACh action, inducing sustained increase in membrane resistance and depolarization by interfering with K ϩ conductance and IP3-dependent Ca 2ϩ release (Krnjevic et al., 1971; McCormick and Prince, 1985) , is necessary, but probably not sufficient to generate these effects. The oscillatory bursting pattern of cholinergic BFn projecting to cortical areas may also contribute to the synchronization of activity in V1. The efficiency of 10 Hz stimulation (as reported here and in other studies) to induce optimal activation of the rhythmically discharging BFn supports the previously proposed gating function of the cholinergic input (Metherate et al., 1992; Bao et al., 2003) . The activity of the cholinergic BFn allows the cortex to operate specifically on relevant stimuli. However, several other afferent systems (dopaminergic, noradrenergic, serotonergic, etc.) are present at this developmental stage (Lidov and Molliver, 1982; Latsari et al., 2002) . Similar to cholinergic input, they may control the cortical activity and set the threshold for activity-dependent circuitry shaping (Gu, 2002) . The existence of cholinergic-independent activity patterns, as shown here, supports this assumption. Moreover, these neuromodulatory inputs may synergistically interact with the abundant cholinergic afferents in facilitating the synchronization of cortical activity.
Physiological role of the cholinergic drive on the neonatal oscillatory activity Previous data indicate that the cholinergic innervation critically interferes with the cortical development by finely tuning the sensory maps. Damage of the BFn impairs the barrel formation in the somatosensory cortex (Baskerville et al., 1997; Zhu and Waite, 1998) and ACh acting on mAChR modulates the tonotopic maps in the developing auditory cortex (Zhang et al., 2005) . In the neonatal visual cortex, the formation of the visual feature maps, described as ocular dominance columns (ODCs), has been extensively investigated. Blockade of the mAChR disrupted the organization of ODCs (Gu et al., 1989; Gu and Singer, 1993) whereas iontophoretic application of ACh facilitated receptive-field modifications when paired with visual stimulation (Greuel et al., 1988) . Despite the abundance of experimental evidence supporting the ability of cholinergic input to modify sensory maps, the underlying mechanisms are widely unknown. We propose that the cholinergic control of cortical activity, as reported here, may represent one possible way that the cholinergic innervation accomplishes the fine tuning of sensory maps. Our previous data showed that the V1 spindle bursts are generally spatially confined . The ACh-induced augmentation of this synchronized oscillatory activity in neonatal cortical networks may be necessary to facilitate incoming activity (retinal wave, driven during early development; visual stimulus, triggered later during development). Although the direct causality between early oscillatory activity and cortical maturation is still subject to debate, the here reported ability of the cholinergic drive from the BFn to facilitate early oscillatory activity may represent one of the key mechanisms by which acetylcholine controls cortical development.
